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In	the	world	of	laser	technology,	knowing	the	difference	between	peak	power	and	average	power	is	key.	This	article	will	explain	these	important	laser	terms.	It	will	cover	how	they	are	calculated,	their	importance,	and	what	affects	them.	Laser	systems	are	used	in	many	areas,	like	industry,	science,	and	medicine.	They	need	precise	power
measurements	to	work	well.	Understanding	peak	power	and	average	power	helps	you	make	better	choices.	It	lets	you	improve	your	laser	setup	and	use	your	laser	to	its	fullest.	Understand	the	fundamental	differences	betweenlaser	peak	powerand	average	power.	Learn	how	to	accurately	calculate	and	measure	these	parameters	for	your	specific	laser
application.	Explore	the	factors	that	influence	peak	power,	includingpulse	durationand	repetition	rate.	Discover	methods	for	calculating	average	power	and	the	significance	of	this	metric.	Gain	insights	into	the	applications	and	considerations	for	peak	power	and	average	power	calculations.	Working	with	lasers	means	knowing	the	difference
betweenlaser	peak	powerandlaser	average	power.	These	terms	tell	us	how	well	a	laser	works	and	are	key	for	many	uses.	Laser	peak	poweris	the	highest	power	a	laser	can	produce,	measured	in	watts	(W).	It	happens	for	a	brief	moment.Laser	average	power,	on	the	other	hand,	is	the	total	power	over	time,	also	in	watts.	Understanding	howpeak
powerandaverage	powerrelate	is	important.Peak	poweris	usually	much	higher	thanaverage	power.	This	is	because	the	lasers	energy	comes	in	short,	intense	bursts,	not	a	steady	beam.	Gettinglaser	peak	powerandlaser	average	powerright	is	key	for	many	things	like	making	materials,	scientific	studies,	and	medical	treatments.	Wrong	measurements	can
cause	bad	results,	safety	issues,	and	damage	to	equipment.	Rightpeak	powercalculations	help	with	efficient	material	processing,	like	cutting	or	welding,	by	giving	the	right	energy.	Correctaverage	powerreadings	are	important	for	keeping	an	eye	on	and	controlling	laser	systems.	They	prevent	overheating	and	keep	performance	steady.	Bothpeak
powerandaverage	powerare	vital	for	laser	medical	treatments.	They	make	sure	the	power	is	safe	and	works	well.	Knowing	the	differences	betweenlaser	peak	powerandlaser	average	poweris	crucial.	It	helps	make	laser	systems	work	better	and	safer.	Knowing	the	difference	betweenlaser	peak	powerand	average	power	is	key.	It	helps	in	measuring	and
using	laser	technology	right.	Researchers	and	engineers	use	various	methods	and	techniques	to	figure	out	these	important	metrics.	Thepeak	powerof	a	laser	is	its	highest	power	output.	Its	measured	in	watts	(W)	or	kilowatts	(kW).	This	is	common	in	pulsed	lasers,	which	have	short,	intense	bursts	of	power.	To	find	peak	power,	you	need	to	look	atpulse
durationand	how	often	it	repeats.	Average	power,	on	the	other	hand,	is	the	total	energy	a	laser	uses	over	time.	Its	averaged	out	over	the	whole	time	it	runs.	This	gives	a	better	picture	of	how	a	laser	performs	over	a	long	period.	Its	especially	useful	for	lasers	that	run	continuously.	Pulse	durationand	repetition	rate	Laser	source	characteristicsand
operating	conditions	Waveform	shape	and	energy	distribution	Environmental	factors	andmeasurement	techniques	Calculation	MethodApplicabilityAccuracyEmpirical	FormulasQuick	estimates	for	common	laser	typesModerateNumerical	SimulationsComplex	laser	systems	and	custom	waveformsHighDirect	MeasurementPrecise	characterization	of
actual	laser	outputHighest	Understandinglaser	peak	powerand	average	power	helps	experts	make	better	choices.	They	can	design,	optimize,	and	use	laser	systems	better	in	many	areas.	Understanding	what	affects	laser	peak	power	is	key.	Two	main	factors	arepulse	durationandpulse	repetition	rate.	Thecharacteristics	of	the	laser	sourceandoperating
conditionsalso	play	a	big	role.	The	length	of	each	laser	pulse	matters	a	lot.	Short	pulses	mean	higher	peak	power.	Longer	pulses	give	lower	peak	power	but	more	average	power.	The	rate	at	which	pulses	come	out	affects	peak	power	too.	More	pulses	per	second	can	increase	peak	power	if	the	pulse	energy	stays	the	same.	The	type	of	laser	source
affects	peak	power.	Things	like	the	lasing	medium,	resonator	design,	and	pump	method	matter.	The	lasers	wavelength,	beam	quality,	and	energy	efficiency	also	impact	peak	power.	Operating	conditions	like	input	power,	cooling,	and	environment	affect	peak	power	too.	By	knowing	these	factors,	engineers	can	make	their	lasers	work	better.	They	can
aim	for	high	peak	power,	high	average	power,	or	a	mix	of	both.	In	the	world	of	laser	technology,	knowing	how	to	calculate	power	is	key	for	top	performance	and	safety.	Peak	power	tells	us	the	highest	energy	a	laser	can	release.	But,	its	also	vital	to	know	theaverage	powerfor	a	full	picture	of	a	lasers	abilities.	Theaverage	poweris	the	total	energy	a	laser
sends	out	over	time.	This	is	especially	useful	for	pulsed	lasers,	where	power	changes	a	lot	between	pulses.	To	find	theaverage	power,	we	need	tointegrate	the	pulse	shape	or	waveformover	time.	This	looks	at	how	the	lasers	energy	spreads	out	over	time.	There	are	different	ways	to	do	this,	like	using	numbers	or	solving	equations.	Calculation
MethodAdvantagesConsiderationsNumerical	IntegrationVersatile,	can	handle	complex	pulse	shapesRequires	detailedenergy	measurementdata	and	computational	resourcesAnalytical	ApproachProvides	closed-form	solutions,	often	fasterAssumes	specific	pulse	shape	models,	may	not	capture	all	complexities	The	rightpower	calculation	methoddepends
on	the	laser	use,	the	data	you	have,	and	how	accurate	you	need	to	be.	Picking	the	best	method	helps	users	get	accuratelaser	average	power	calculation.	This	way,	they	can	make	smart	choices	about	their	lasers.	Calculating	laser	peak	power	is	key	for	many	uses,	like	precise	material	processing	and	advanced	research.	Well	look	into	the	methods	and
techniques	for	figuring	out	laser	peak	power.	This	includes	using	formulas	andapproximation	techniques.	One	way	to	find	laser	peak	power	is	throughempirical	formulas.	These	formulas	come	from	experiments	and	make	it	easy	to	estimate	peak	power.	You	just	need	to	know	the	average	power,	pulse	duration,	and	how	often	it	repeats.	But,	these
formulas	might	not	always	be	precise	because	they	dont	fully	capture	the	lasers	complex	nature.	There	are	alsoapproximation	techniquesto	estimate	laser	peak	power.	These	methods	make	assumptions	about	the	laser	pulse	or	energy	spread.	This	makes	calculations	quicker	without	needing	detailed	models	or	simulations.	Yet,	how	accurate	these
approximations	are	can	vary	a	lot.	Choosing	a	method	depends	on	the	laser,	how	accurate	you	need	to	be,	and	your	applications	needs.	Its	important	to	know	the	pros	and	cons	of	each	method.	This	way,	you	can	make	sure	the	laser	peak	power	is	calculated	accurately	and	reliably.	Calculation	MethodAdvantagesLimitationsEmpirical	FormulasSimple
and	straightforwardRequires	minimal	input	dataLimited	accuracy	for	complex	laser	systemsMay	not	account	for	all	relevant	factorsApproximation	TechniquesFaster	calculations	than	complex	modelsCan	provide	reasonable	estimates	for	many	applicationsAccuracy	may	be	lower	than	more	sophisticated	methodsAssumptions	may	not	hold	true	for	all
laser	systems	Knowing	the	good	and	bad	of	these	methods	helps	users	pick	the	best	one	for	their	needs.	They	can	balance	accuracy,	complexity,	and	their	applications	demands.	Accurate	peak	power	calculations	are	key	in	many	laser-based	tasks,	fromlaser	processingtolaser	material	processing.	They	help	experts	make	the	most	of	these	processes	by
understanding	peak	and	average	power.	This	knowledge	is	vital	for	improving	how	well	these	processes	work.	Laser	cuttinguses	peak	power	to	set	the	best	settings	for	cutting	through	different	materials.Laser	weldingalso	needs	precise	peak	power	control	for	strong,	uniform	welds.	Forlaser	engravingandlaser	ablation,	peak	power	is	crucial	for
getting	the	right	depth,	detail,	and	finish.Laser	micromachiningdepends	on	precise	peak	power	to	create	fine	features	and	patterns.	Peak	power	calculations	are	also	important	in	new	areas	likelaser-based	material	processing.	Researchers	and	engineers	use	this	info	to	create	new	ways	to	change	materials,	treat	surfaces,	and	make	new	materials.	By
understanding	peak	power	calculations	well,	laser	experts	can	fully	use	these	powerful	tools.	This	leads	to	new	discoveries	and	expands	whats	possible	with	lasers.	Understanding	the	average	power	of	a	laser	system	is	key	for	many	uses,	like	material	processing	and	scientific	research.	To	figure	out	the	average	power,	we	look	at	pulse	shapes	and
waveforms.	This	helps	us	see	the	total	energy	output	and	how	power	is	spread	out.	One	top	way	to	find	a	lasers	average	power	is	by	integrating	its	pulse	shape	or	waveform.	We	look	at	the	pulses	time	profile,	including	its	length,	peak	intensity,	and	how	often	it	repeats.	Then,	we	use	math	like	numerical	integration	or	Fourier	analysis	to	find	the
energy	in	each	pulse.	This	lets	us	work	out	the	average	power	over	time.	This	method	gives	us	a	deep	look	into	how	the	laser	works.	Its	super	helpful	for	pulsed	lasers,	where	the	power	changes	a	lot	during	each	pulse.	Calculation	TechniqueKey	ConsiderationsRecommended	ApplicationsPulse	Shape	IntegrationPulse	duration,	peak	intensity,	repetition
ratePulsed	laser	systems,	high-intensity	applicationsWaveform	IntegrationTemporal	profile,	energy	distribution,	harmonic	contentComplex	laser	systems,	time-resolved	measurements	Using	theselaser	average	power	calculation	techniques,	experts	can	make	better	choices.	They	can	improve	laser	performance	and	make	sure	their	systems	work	well
and	efficiently.	This	helps	us	use	lasers	in	new	and	exciting	ways.	Getting	accurate	readings	of	laser	power	is	key.	We	must	pay	attention	to	several	factors.	Things	like	the	environment,	the	tools	we	use,	and	how	we	analyze	the	data	can	affect	the	results.	Using	the	right	tools	is	important.	This	includes	power	meters,	photodetectors,	and	oscilloscopes.
Its	vital	to	calibrate	these	tools	and	make	sure	they	match	the	laser	were	measuring.	Following	the	makers	instructions	is	also	crucial.	Understanding	how	things	like	beam	size,	wavelength,	and	pulse	type	affect	our	measurements	is	important	too.	This	knowledge	helps	us	get	more	accurate	readings.	How	we	analyze	the	data	is	also	key.	Techniques
likesignal	processing,	curve	fitting,	and	statistical	analysis	can	make	a	big	difference.	Using	advanced	methods	and	software	can	help	spot	and	fix	errors.	This	leads	to	more	accurate	readings	of	both	peak	and	average	power.	A	low-pass	filter	lets	low-frequency	signals	through	while	blocking	high-frequency	ones.	Its	used	in	many	areas,	like	audio
processing	and	filtering	out	unwanted	noise.	To	find	thecutoff	frequency,	use	this	formula:	f_c	=	1	/	(2	RC).	This	is	for	RC	filters.	R	is	the	resistance	and	C	is	the	capacitance.	The	ideal	low-pass	filter	has	a	flat	pass-band	and	a	clear	cutoff.	Its	response	is	simple:	H(f)	=	1	for	low	frequencies	and	H(f)	=	0	for	high	frequencies.	The	quality	factor	(Q)	shows
how	sharp	the	filter	cuts	off.	For	RC	filters,	its:	Q	=	1	/	(2	f_c	RC).	f_c	is	thecutoff	frequency,	R	is	the	resistance,	and	C	is	the	capacitance.	The	bandwidth	is	the	range	of	frequencies	the	filter	lets	through	clearly.	For	ideal	filters,	its	the	same	as	thecutoff	frequency.	For	real	filters,	its	the	range	where	the	response	is	close	to	the	pass-band	level.	The
phase	shift	is	how	the	output	signals	phase	changes	from	the	input.	In	RC	filters,	its	-45	degrees	at	the	cutoff.	It	gets	more	negative	at	lower	frequencies.	LC	and	RC	filters	differ	in	their	components	and	performance.	LC	filters	use	inductors	and	capacitors	for	a	sharper	cutoff.	RC	filters	use	resistors	and	capacitors.	LC	filters	are	sharper	but	more
complex	and	costly.	The	cutoff	frequency	formula	varies	by	filter	type:	For	RC	filters:	f_c	=	1	/	(2	RC)	For	LC	filters:	f_c	=	1	/	(2	(LC))	For	Butterworth	filters:	f_c	=	1	/	(2	(RC))	Plotting	thefrequency	responseinvolves:	1.	Find	the	filters	transfer	function	or	equation.	2.	Calculate	the	transfer	functions	magnitude	over	the	desired	range.	3.	Plot	the
magnitude	in	dB	against	frequency	on	a	log	scale.	4.	Identify	the	cutoff	frequency	and	other	important	features	from	the	curve.	Choosing	the	cutoff	frequency	depends	on	the	application	and	needs.	Some	tips:	For	anti-aliasing,	set	it	below	half	the	sampling	rate	to	avoid	aliasing.	For	filtering	signals,	set	it	low	to	remove	noise	but	high	to	keep	the
signal.	For	audio,	choose	based	on	the	audio	signals	frequency	range.	The	relation	between	average	power,	power	density	(irradiance)	and	beam	size	all	comes	down	to	one	thing:	what	will	happen	to	the	surface	at	the	receiving	end	of	your	laser	over	time.	For	a	continuous	wave	laser,	the	average	power	is	already	known,	but	for	a	pulsed	one,	you
need	to	multiply	the	energy	in	each	pulse	by	the	number	of	pulses	by	second.	When	the	beam	is	shaped	like	a	top-hat,	the	power	is	evenly	distributed	on	the	surface.	This	means	that	the	power	density	is	simply	the	average	power	divided	by	the	size	of	the	beam's	cross-section.	So,	the	power	density	is	inversely	proportional	to	the	beam	size.	In	a	case
where	the	power	intensity	distribution	of	a	laser	beam	is	described	as	a	three-dimensional	Gaussian	function	(Gaussian	beam),	its	power	density	at	the	center	is	twice	what	you	could	expect	from	a	circular	top-hat	shaped	beam	of	diameter	equal	to	1/e.	In	both	cases,	the	beam	has	a	certain	divergence	(see	our	calculator	about	divergence).	This	implies
that	you	can	modulate	the	irradiance	or	average	power	density	on	a	surface	by	moving	it	closer	or	farther	away	from	the	laser	beam	source.	The	laser	average	power	formulas	describe	the	behavior	of	a	theoretical	flat-top	or	a	perfect	TEM	Gaussian	laser	beam.	In	such,	they	represent	an	approximation	of	the	values	one	would	obtain	in	real	conditions.
Also,	there	are	multiple	methods	one	can	use	to	measure	the	diameter	of	a	Gaussian	beam.	The	reason	for	this	mainly	comes	from	the	fact	that	its	theoretical	value	only	reaches	0	when	the	radius	reaches	infinity.	Therefore,	the	beam	would	have	an	infinite	diameter.	So,	we	chose	to	use	the	method	where	it	is	measured	using	the	1/e	parameter.	At	this
point,	the	beam	diameter	is	approximately	1.699	times	the	full	diameter	measured	at	half	the	maximum	of	a	Gaussian	function	(FWHM).	At	1/e,	it	represents	approximately	86,5%	of	the	total	power.	Note	that,	for	a	flat-top	beam,	the	equations	are	used	just	as	is,	but	for	a	Gaussian	beam,	there	is	a	factor	2	that	multiplies	the	right	hand	part	of	these
equations.	View	all	calculators	View	all	solutions	View	all	solutions	View	all	solutions	A	significant	and	well-recognized	difference	between	lasers	and	conventional,	incoherent	light	sources,	is	the	ability	to	concentrate	laser	emission	in	short	pulses,	with	durations	going	down	to	a	few	femtoseconds,	containing	potentially	only	a	few	optical	cycles.
Technically,	you	can	drive	an	incoherent	LED	source	using	current	pulses,	allowing	the	emission	of	light	pulses	down	in	the	nanosecond	range.	However,	each	pulse	would	have	a	maximum	power	(i.e.	a	peak	power)	equal	to	the	average	power	of	the	same	device	if	a	continuous	bias	were	applied.	Only	laser	cavities	can	concentrate	the	stored	energy
within	active	materials	in	such	a	way	to	achieve	peak	powers	orders	of	magnitude	higher	than	their	average	power,	up	to	the	exceptional	PW-level	recently	reported	in	research	publications.	Understanding	Peak	PowerCalculationsThe	extremely	high	peak	power	levels	achievable	by	pulsed	laser	sources	are	among	the	main	reason	for	their	success	in
many	of	the	applications	which	have	emerged	in	the	last	decades.	Therefore,	a	precise	estimation	of	the	laser	peak	power,	given	other	operational	parameters	such	as	average	power,	pulse	duration,	and	repetition	rate,	is	fundamental	to	select	the	best	option	for	a	particular	application	among	the	different	commercial	alternatives.	In	principle,	it	is
quite	simple	to	calculate	the	peak	power,	considering	the	actual	temporal	profile	of	the	laser	pulse.	By	assuming	a	train	of	continuously	repeated,	periodical,	square	pulses	with	repetition	rate	fR,	pulse	duration	tP	and	average	power	PAV,	the	pulse	energy	EP	and	peak	power	PP	calculations	are	trivial,	with	pulse	energy	provided	by	the	ratio	between
average	power	and	repetition	rate	and	peak	power	provided	by	the	ratio	between	energy	and	pulse	duration:	Of	course,	this	simple	relationship	holds	for	laser	pulses	with	a	square	or	flat-top	temporal	profile,	which	is	rather	uncommon	in	practice.	Usually,	laser	pulse	temporal	profiles	are	approximated	more	accurately	with	bell-shape	functions,	such
as	Gaussian	profile	or	Sech2	profile,	the	latter	being	relevant	mainly	for	ultrashort	pulses	obtained	by	the	passive	mode-locking	regime.	In	this	case,	one	should	redefine	pulse	duration	as	being	full-width	half-maximum	(FWHM),	a	commonly	accepted	parameter.	Since	the	energy	concentration	in	a	Gaussian	pulse,	with	FWHM	duration	tP,	is	slightly
different	from	a	square	pulse	with	equal	pulse	duration,	one	needs	to	adjust	the	formula	above:Understanding	Peak	Power	Gaussian	Pulse	ShapeNecessarily,	the	smoother	leading	and	trailing	edges	of	a	Gaussian	pulse	slightly	reduce	(by	a	factor	of	0.94)	the	peak	power	for	given	pulse	energy	or	average	power.	The	point	is	that	the	situation	might	be
further	complicated	when	lasers	emitting	few-nanosecond-long	or	sub-nanosecond	(e.g.,	picosecond)	pulses	come	into	the	picture.	Usually,	a	Gaussian	pulse	shape	is	an	excellent	approximation	for	the	real	pulse	profile	of	Q-switched	DPSS	lasers,	even	though	it	is	accurate	only	for	lasers	operating	in	single	longitudinal	mode	(SLM).	Most	commercially
available	Q-switched	lasers	rely	on	multiple	longitudinal	modes,	oscillating	at	the	same	time	with	constant	interference.	This	effect	is	visible	by	acquiring	optical	pulses	with	sufficiently	fast	photodiodes	and	digital	oscilloscopes,	showing	an	amplitude	modulation	superimposed	to	the	Gaussian	pulse	shape.	The	period	and	depth	of	the	modulation
depend	on	the	number	of	longitudinal	modes	oscillating	together.	For	tens-of-nanoseconds-long	pulses,	resonators	support	so	many	modes	that	the	modulation	is	averaged	out	and	hardly	visible.	Still,	for	sub-nanosecond	operation,	only	a	few	modes	are	left,	giving	rise	to	deep	modulation	on	the	pulse	envelope	and	strong	deviation	from	the	ideal
Gaussian	shape.	A	full-width	half-maximum	pulse	duration	definition	becomes	questionable,	and	a	more	refined	statistical	definition	should	be	employed,	giving	rise	to	a	correction	factor	for	the	peak	power	higher	than	1	(potentially	a	factor	of	1.5	could	be	a	reasonable	guess).Figure	1:	comparison	between	differentenergy-normalized	pulse
shapes.Figure	2:	Average	power	and	pulse	duration	as	a	functionof	the	repetition	rate	for	Bright	Solutions	WedgeHF	laser.By	considering	for	example	the	performance	curves	of	a	standard	Bright	Solutionss	Wedge	HF	laser	at	1064	nm,	the	average	power	at	100	kHz	is	4.6	W	and	pulse	duration	is	about	2.5	ns,	giving	a	peak	power	of	~	18	kW.Peak
Power	vs	Average	Power	ExamplesAt	lower	repetition	rates,	the	pulse	duration	of	Wedge	HF	laser	is	shorter,	while	pulse	energy	is	higher,	giving	an	higher	peak	power.	Therefore,	for	instance,	at	10	kHz,	with	pulses	of	~	700	ps	and	average	power	of	~	1.8	W,	the	peak	power	rises	up	to	~	260	kW.	For	a	more	detailed	comparison	between	different
industrial-grade	laser	sources	at	1	m,	the	table	hereunder	summarizes	peak	power	and	other	critical	parameters.In	the	table	above,	it	is	clear	the	advantage	in	terms	of	understanding	peak	power	achievable	by	shorter	pulse	durations,	even	with	much	lower	average	power	levels.	The	laser	models	indicated	in	the	table	have	similar	beam	quality	(M2	<
1.5	for	all	of	them).	Therefore,	they	could	be	focused	on	similar	spot	sizes	and	the	application	relevant	peak	power	densities	change	proportionally	to	the	reported	peak	powers.Let	RPMC	Help	Find	the	Right	Solution	for	You!	Let	one	of	our	knowledgeable	Product	Managers	answer	any	questions	or	provide	assistance	choosing	the	right	laser	by
emailing	us	at	[emailprotected]	or	by	clicking	the	button	below!	Have	questions?	LASERs	can	turn	on	and	off	at	incredibly	high	speed	(though	not	necessarily	so),	creating	a	train	of	LASER	pulses:	our	LASER	pulse	calculator	takes	as	input	a	few	characteristic	quantities	and	returns	most	fundamental	features	of	the	pulses.Here	you	will	learn:What	is	a
laser	pulse	train,	and	what	are	the	main	quantities	associated	with	it;How	to	calculate	the	laser	pulse	duty	cycle;How	to	calculate	a	laser	pulse	energy;How	to	calculate	the	peak	power	of	a	pulsed	laser	for	three	different	pulse	shapes;How	to	calculate	the	intensity	of	a	pulsed	laser;And	much	more!A	laser	pulse	is	a	short,	relatively	energetic	burst	of
light	that	propagates	with	the	properties	of	a	Gaussian	beam	in	a	specific	direction.	The	pulse	is	defined	by	an	abrupt	increase	in	power,	followed	by	a	similar,	ideally	symmetric,	decrease.Few	characteristic	quantities	define	a	laser	pulse:The	pulse	duration	TTT,	that	is	the	full	width	at	half-maximum	(FWHM)	of	the	pulse	(in	the	time	dimension);The
repetition	rate	fff,	that	is	the	frequency	of	the	pulses	(how	many	pulses	in	a	second/unit	time);The	average	power	PavgP_{\text{avg}}Pavg	of	each	pulse;	andThe	spot	diameter	SSS,	that	is	the	diameter	of	the	pulsed	beam.The	LASER	pulse's	shape	also	has	relevance	in	the	calculations.	The	shape	of	the	pulse	quantifies	the	fashion	in	which	the	power
of	the	beam	rises	and	decreases.	The	most	common	shapes	are:Rectangular	pulse;Gaussian	pulse;	andSech2	pulse	(based	on	the	hyperbolic	secant	function:	check	our	hyperbolic	functions	calculator	to	know	more).The	first	quantity	we	calculate	is	the	duty	cycle	of	the	LASER	pulse	train.	To	do	so,	we	need	to	multiply	the	duration	of	each	pulse	by	the
repetition	rate,	obtaining	the	amount	of	time	the	laser	is	on:D=Tf100%D	=	T\cdot	f\cdot	100\%D=Tf100%The	multiplication	by	100100%100	allows	you	to	express	the	laser	duty	cycle	as	the	percentage	of	the	time	unit	the	laseris	on.The	distance	from	peak	to	peak,	that	is,	the	separation	between	pulses,	depends	on	the	repetition	rate	since	it	is	the
periodicity	of	the	pulse.	We	calculate	it	with:T=1f\Delta	T	=	\frac{1}{f}T=f1The	pulse	energy	depends	on	the	average	power	of	the	pulse:Epulse=PavgfE_{\text{pulse}}	=	\frac{P_{\text{avg}}}{f}Epulse=fPavgWe	use	this	quantity	to	calculate	the	peak	power	of	the	pulse.	At	this	step,	the	shape	of	the	pulse	becomes	relevant,	hence	we	have	three
possible	expressions:(rectangular)Ppeak,rect=Epulsef(Gaussian)Ppeak,gaus=2log(2)Epulsef(sech2)Ppeak,sech2=cosh1(2)Epulsef\begin{align*}&\text{(rectangular)}\\P_{\text{peak,	rect}}&	=	\frac{E_{\text{pulse}}}{f}\\&\text{(Gaussian)}\\P_{\text{peak,	gaus}}	&=2\sqrt{\frac{\log{(2)}}{\pi}}	\frac{E_{\text{pulse}}}
{f}\\&\text{(sech}^2\text{)}\\P_{\text{peak,	sech}^2}	&=	\cosh{}^{-1}(\sqrt{2})\frac{E_{\text{pulse}}}{f}\end{align*}Ppeak,rectPpeak,gausPpeak,sech2(rectangular)=fEpulse(Gaussian)=2log(2)fEpulse(sech2)=cosh1(2)fEpulseNow	that	you	know	how	to	calculate	the	peak	power	of	a	pulsed	laser,	we	can	also	learn	how	to	calculate	the	intensity
of	a	laser	pulse.	The	power	of	lasers	vary	wildly,	from	a	few	milliwatt	to	powerful	Megawatt	lasers	used	in	astronomy,	defence	and	high	energy	physics!To	calculate	the	intensities	of	a	laser	pulse,	we	need	to	consider	the	beam	spot	size:	the	smaller	the	spot,	the	higher	the	intensity	since	the	power	of	the	pulse	is	concentrated	in	a	smaller	area.	You	can
use	our	tool	in	reverse,	for	example	giving	in	input	the	energy	of	the	pulse	to	calculate	the	average	power	of	the	pulsed	laser.The	equations	for	the	peak	intensity	and	average	intensity	of	a	laser	pulse	are:Iavg=PavgAIpeak=PpeakA\begin{align*}I_{\text{avg}}	&=	\frac{P_{\text{avg}}}{A}\\\\I_{\text{peak}}	&	=	\frac{P_{\text{peak}}}
{A}\end{align*}IavgIpeak=APavg=APpeakWhere	AAA	is	the	area	of	the	circular	beam	spot	size:A=(S2)2A	=	\left(\frac{S}{2}\right)^2\cdot\piA=(2S)2Don't	mistake	the	laser	intensity	for	the	laser	brightness.	They	are	two	different	things!	We	talked	more	about	the	practical	use	of	light	intensities	in	the	Beer	Lambert	Law	Calculator	if	you're
interested.	When	working	with	lasers,	it's	essential	to	understand	the	concept	of	laser	power.	Laser	power	is	one	of	the	most	important	parameters	to	consider	when	choosing	a	laser,	as	it	plays	a	key	role	in	determining	the	effectiveness	of	laser	processes.In	laser	material	processing	for	example,	laser	power	directly	impacts	the	speed	of	processes
like	laser	welding,	laser	cleaning,	laser	texturing,	laser	cutting,	and	laser	marking.	Power	is	expressed	in	many	ways,	and	it	can	become	confusing.Lets	go	over	everything	you	need	to	know	about	laser	power.What	is	Laser	Power?The	NIH	defines	laser	power	as	the	rate	at	which	energy	is	emitted	from	a	laser.	In	simpler	terms,	its	a	measure	of	how
quickly	a	laser	releases	energy.Laser	power	is	expressed	in	watts	(W),	kilowatts	(kW),	or	milliwatts	(mW).	Each	watt	indicates	that	the	laser	can	emit	1	joule	of	energy	per	second.	This	means	that	a	100W	laser	can	emit	100	joules	of	energy	per	second.Laser	power	must	not	be	confused	with	power	density.	A	50W	and	a	200W	laser	can	focus	energy
the	same	way	and	perform	the	same	tasks.	Since	higher	power	lasers	emit	more	energy	in	one	second,	they	can	simply	perform	the	same	work	faster.In	the	following	definition	by	Xometry,	they	introduce	the	idea	that	laser	power	is	related	to	how	energy	is	dispersed	over	an	area	(energy	concentration).Laser	power	is	the	energy	delivered	by	a	laser
beam	per	unit	of	time	and	per	unit	of	area.This	is	incorrect.	Laser	power	is	only	about	how	much	energy	can	be	emitted	during	one	second.	Thats	it.Continuous	vs.	Pulsed	Laser	PowersThe	two	main	types	of	lasers	use	their	available	laser	power	differently.Continuous	lasers	release	a	consistent	level	of	energy	over	time.	For	example,	a	50W	continuous
laser	consistently	releases	50	joules	of	energy	per	second.Pulsed	lasers	release	energy	in	pulses,	with	brief	pauses	between	each	release	of	energy	to	accumulate	energy	before	the	next	pulse	is	emitted.	This	allows	pulsed	lasers	to	reach	higher	energy	peaks.Pulsed	lasers	are	often	preferred	over	continuous	wave	lasers	because	they	can	generate	the
high	energy	peaks	required	for	material	ablation,	which	is	needed	for	processes	like	laser	marking,	laser	cleaning,	and	laser	texturing.Laser	Parameters	that	Control	How	Laser	Power	is	UsedLaser	parameters	can	be	modified	to	control	how	the	available	laser	power	is	used.	Lets	go	over	common	laser	parameters	to	understand	how	they	can	help
achieve	different	results.Pulse	EnergyEach	pulse	contains	a	specific	amount	of	energy.	At	Laserax,	our	lasers	are	typically	configured	to	release	1	millijoule	(mJ)	of	energy	per	pulse.	We	sometimes	lower	the	pulse	energy	for	applications	that	require	less	energy.	For	example,	laser	annealing	stainless	steel	requires	a	slow	heating	of	the	surface,	so
lower	energy	peaks	are	needed.Pulse	DurationEach	laser	pulse	has	a	specific	duration,	allowing	to	concentrate	the	energy	within	a	short	lapse	of	time.	The	shorter	the	pulse	duration,	the	higher	the	peak	power.	This	is	also	known	as	the	pulse	length.Femtosecond	lasers,	for	example,	get	their	name	from	their	pulse	duration,	which	ranges	between	a
few	femtoseconds	to	hundreds	of	femtoseconds.	At	Laserax,	our	lasers	are	configured	with	pulse	durations	that	range	from	20	nanoseconds	to	500	nanoseconds.Pulse	Repetition	RateThe	pulse	repetition	rate	is	the	number	of	pulses	per	second.	It	is	often	expressed	in	hertz	(Hz)	or	kilohertz	(kHz),	where	100	kHz	is	100,000	pulses	per	second.Pulse
Repetition	Rate	Conversion	TablePulses	Per	SecondHzkHz100,000100,000100Higher	power	lasers	can	be	used	to	release	more	pulses	per	second.	For	example,	a	100W	laser	can	release	100,000	pulses	of	1	mJ	per	second,	whereas	a	500W	laser	can	release	500,000	pulses	of	1	mJ	per	second.To	further	clarify	this	concept,	a	100W	can	also	release
500,000	pulses	per	second,	but	to	do	this,	the	pulse	energy	needs	to	be	lowered	to	0.2	mJ.	This	is	because	the	repetition	rate	controls	how	laser	power	is	distributed	over	time.	If	you	multiply	the	pulse	energy	with	the	pulse	repetition	rate,	you	obtain	the	laser	power.Examples	of	Laser	Power	Energy	DistributionLaser	PowerPulse	EnergyPulse
Repetition	Rate100W1	mJ100	kHz100W0.2	mJ500	kHz500W1	mJ500	kHzTo	meet	the	needs	of	a	high	repetition	rate	(i.e.,	produce	more	pulses	per	second),	a	high-quality	laser	scanning	head	is	needed	to	redirect	the	laser	beam	more	efficiently.Spot	SizeLaser	beams	can	have	different	shapes	(round,	square,	rectangle,	etc.)	and	the	laser	energy	can
be	distributed	unevenly	over	that	area.	The	spot	size	represents	the	diameter	of	the	laser	beam	where	energy	is	the	most	focussed.	For	Gaussian	beams,	it	stops	where	the	laser	beam's	intensity	drops	to	~13.5%	of	its	peak	value.A	smaller	spot	size	means	a	higher	energy	peak.	It	can	be	adjusted	with	optical	components	like	focal	lenses	and	beam
expanders.Some	laser	processes	require	a	smaller	spot	size.	For	example,	we	typically	use	a	0.125	mm	spot	size	for	laser	marking.	But	for	processes	that	require	going	deeper	into	the	material,	we	use	a	smaller	spot	size	of	0.075	mm.Beam	Profile	Image	courtesy	of	RP	PhotonicsA	beam	profile	is	how	the	energy	of	the	laser	light	is	distributed	along	the
diameter	of	the	laser	beam.	It	is	measured	using	a	beam	profiler,	which	provides	a	graphical	representation	as	shown	in	the	preceding	image.	You	can	measure	it	at	different	locations	along	the	laser	beam	path.If	you	look	at	the	Gaussian	profile	in	the	preceding	image,	the	further	you	are	from	the	center	of	the	beam,	the	lower	the	energy	level.	If	you
look	at	the	flat-top	profile,	the	energy	level	is	constant.	Gaussian	profiles	can	reach	higher	peak	powers	and	smaller	spot	sizes,	whereas	flat	top	profiles	make	a	better	use	of	the	total	energy	and	can	achieve	more	accurate	results	(like	cleaner	cuts	when	laser	cutting).Flat	top	beams	are	less	cost	efficient	than	Gaussian	beams	because	they	require
additional	setup	(i.e.,	diffractive	optical	elements	that	modify	the	beams	shape).	Gaussian	beams	have	a	natural	beam	shape.Average	Power,	Peak	Power,	and	Power	Density:	Whats	the	Difference?Lets	break	down	important	concepts	to	understand	the	beam	power	levels	achieved	with	lasers.	As	you	will	see,	a	100W	laser	can	generate	power	values
well	beyond	100W.Average	PowerThe	average	power	is	the	same	thing	as	the	laser	power.	It	represents	the	average	output	power	of	the	laser	over	one	second.	A	100W	laser,	whether	it	is	continuous	or	pulsed,	has	an	average	power	of	100W.Peak	PowerThe	peak	power	is	the	highest	power	output	achieved	by	the	laser	during	a	specific	time	interval.
In	simpler	terms,	it	indicates	the	amount	of	energy	a	pulse	contains	with	respect	to	its	duration.When	millijoules	are	concentrated	within	a	small	timeframe,	they	reach	high	energy	levels.	The	effect	is	similar	to	when	you	almost	completely	block	the	nozzle	of	a	hose.	The	resulting	water	pressure	coming	out	of	the	small	hole	is	much	greater.	The	same
applies	to	the	energy	of	the	laser	beam	when	it	is	focussed	in	a	small	area	and	a	small	duration.Peak	Power	CalculationTo	calculate	the	peak	power,	simply	divide	the	pulse	energy	(in	joules)	by	the	pulse	duration	(in	seconds).	For	example,	1	mJ	pulse	with	a	pulse	duration	of	100	ns	has	a	peak	power	of	at	least	10,000	watts.	Power	DensityPower
density,	also	known	as	irradiance,	is	a	parameter	that	helps	us	understand	the	concentration	of	energy.	Measured	in	W/cm2,	it	shows	what	the	rate	of	energy	transfer	(expressed	in	watts)	is	in	relation	to	the	beam	size	(expressed	in	cm2).To	determine	the	power	density,	you	can	divide	the	laser	power	by	the	beam	size.	For	example,	our	100W	lasers
with	a	beam	size	of	0.000,067,929,1	cm2	generate	a	power	density	of	~1,470,000	W/cm2.Examples	of	Laser	PowersHigh-Power	Laser	EngravingThis	500W	fiber	laser	system	digs	deep	into	the	material	to	create	shotblast	resistant	markings.	The	laser	power	used	for	this	is	high	compared	to	most	laser	marking	applications,	as	higher	energy	levels	are
required	to	dig	efficiently	into	the	metal.Low-Power	Laser	AnnealingThis	low-power	fiber	laser	system	is	configured	to	slowly	heat	the	stainless	steel	surface	to	create	a	chemical	reaction	under	the	surface,	allowing	internal	oxidation	to	occur	while	keeping	the	protective	passivated	layer	intact	on	the	surface.Powering	Industrial	Laser
ApplicationsMastering	how	laser	power	is	used	is	essential	to	optimize	laser	processes.	If	you	are	interested	in	exploring	the	potential	of	laser	marking,	cleaning,	texturing,	or	welding	for	an	industrial	application,	contact	a	Laserax	expert.	We	can	provide	complete	laser	solutions	and	develop	a	laser	process	for	you.	Catherine	VeilleuxCatherine	holds	a
bachelors	degree	in	Engineering	Physics	and	a	master's	degree	in	Physics.	She	completed	her	masters	in	partnership	with	Laserax	to	develop	industrial	solutions	for	the	laser	texturing	of	metallic	surfaces.	She	is	now	the	Applications	Lab	Supervisor	at	Laserax,	where	she	oversees	the	team	that	tests	and	optimizes	laser	processes	for	clients.	Ultra-
high	peak	power	laser	systems	are	applicable	in	new	and	very	promising	areas,	such	as	charged	particles	acceleration	and	inertial	confinement	of	the	fusion	nuclear	reaction.	First	one	could	be	used	as	effective	secondary	source	of	Y	and	X-ray	beams,	which	have	multiple	applications	in	industry	and	medicine	if	repetition	rate	will	be	increased,	the
last	one	could	serve	as	a	source	of	unlimited	energy	after	transforming	in	to	the	power	plants.	New	technologies	are	able	to	significantly	increase	the	output	peak	power	due	to	extraction	of	the	higher	energy	extracting	during	pumping	(EDP).	The	record	of	extracted	energy	about	200	J	and	output	power	of	5	PW	were	reached	with	this	technique.
Polarization	Encoded	Chirped	Pulse	Amplification	(PE-CPA)	technique	as	well	as	two	stages	of	compression	produced	shorter	pulse	duration	also	are	presented	in	this	chapter.	Besides,	the	capability	of	combination	of	the	EDP	method	and	the	Thin	Disk	(EDP-TD)	applied	to	Ti:Sa	amplifiers	to	produce	the	higher	repetition	rate	in	the	PW-class	laser
systems,	as	well	as	the	results	of	the	proof-of-principal	experiments	will	be	demonstrated.	laser	amplifiers	ultrafast	lasers	lasers	titanium	Ultra-high	peak	power	laser	pulses	are	the	only	way	today	to	reach	extremely	high	concentration	of	the	energy	in	small	volume	after	focusing	with	intensity	1022W/cm2	and	above.	This	possibility	makes	the	pulse
laser	systems	as	remarkable	instruments	for	scientific	research,	if	the	high	average	power	(high	repetition	rate)	could	be	simultaneously	reachable	for	industrial	applications.	The	pulsed	lasers	require	a	much	lower	energy	to	get	ultra-high	powers	comparing	to	continuous	wave	(CW)-regime.	The	situation	became	very	promising	when	Q-switching	[1]
and	mode-locking	[2]	regimes	of	laser	operation	were	invented	(Figure1).	This	permitted	to	get	a	short	enough	laser	pulse:	nanosecond-level	(109s)	at	first	and	then	consequently	picosecond	(1012s)	and	femtosecond	(1015s)	pulse	durations	using	mode-locking	oscillators.	The	lasers	based	on	these	technologies,	and	applying	also	master	oscillator
power	amplifier	(MOPA)	configuration,	achieved	MW	and	GW-levels	of	power	or	10111014W/cm2	after	focusing.	The	ability	to	reach	these	high	levels	of	power	allowed	to	look	forward	to	the	application	of	these	systems	in	other	new	and	very	promising	areas,	such	as	charged	particles	acceleration	[3]	and	inertial	confinement	of	the	fusion	nuclear
reaction	(ICF)	[4].	The	consequent	evolution	of	these	laser	systems	resulted	in	the	tremendous	National	Ignition	Facility	(NIF)	laser	in	the	United	States	[5],	and	the	Megajoule	in	Europe	[6].Intensity	evolution	since	the	first	laser	demonstration	in	1960,	with	the	different	regimes	of	optics	and	electrodynamics.	Black	boxes	(joules)	indicate	typical	laser
energies.	Blue	boxes	(electron	volts)	indicate	typical	laser-plasma	accelerated	particle	energies.	(Courtesy	G.Mourou.)	(QCD,quantum	chromodynamics;	QED,	quantum	electrodynamics;	E,	electric	field;	e,	electron	charge;	c,	compton	wavelength;	m0,	electron	mass;	c,	speed	of	light.	Ep,	proton	energy;	mp,	proton	mass.	Ee,	electron	energy;	C3,
cascaded	conversion	compression;	ELI,	extreme	light	infrastructure;	ILE,	institut	de	la	lumiere	extreme;	CUOS,	Center	for	Ultrafast	Optical	Science	University	of	Michigan;	HHG,	high	harmonic	generation;	CPA,	chirped	pulse	amplification).The	prior,	with	its	output	energy	in	192	laser	beams	about	4MJ,	is	delivering	to	the	target	a	power	of	up	to	500
Terawatt.	The	laser	occupies	the	area	as	large	as	three	football	fields	(see	Figure2a)	and	consists	of	two	laser	bays,	one	of	which	is	presented	in	Figure2b.(a)	NIF	laser	and	target	area	building;	(b)	laser	bay	2,	one	of	NIFs	two	laser	bays	(from	.	.So,	a	large	area	is	required	for	these	multichannel	facilities	due	to	damage	threshold	of	the	optical
elements	which	is	normally	limited	at	10J/cm2	for	ns-scale	of	the	pulse	duration.	Further	increasing	of	the	power	is	associated	with	unacceptable	gigantism	of	the	laser	systems.Nevertheless,	the	next	multiorder	step	in	increasing	laser	powers	was	done	more	than	20years	after	the	Q-switch	invention,	when	chirped	pulse	amplification	(CPA)
technology	was	suggested	in	the	mid-1980s	and	was	related	with	significant	reduction	of	the	pulse	duration	for	increasing	peak	power	[7,	8]	(Figure1).	The	main	goal	of	the	CPA	method	is	the	reduction	of	optical	elements	and	amplifier	crystals	size.	If	one	will	try	to	amplify	the	short	laser	pulse	directly,	undesirable	nonlinear	distortions	of	the	pulse	in
the	gain	media	and	other	optical	elements	will	be	reached	very	soon.	This	leads	to	self-focusing	of	the	laser	beam,	and	thus	a	growing	intensity,	which	damages	the	optical	elements.	Therefore,	one	has	to	increase	the	beam	diameter	and	the	apertures	of	the	amplifiers	and	others	optics	to	avoid	these	problems.	Nevertheless,	the	attempt	to	keep	the
intensity	under	the	self-focusing	threshold	requires	enormous	apertures	of	the	optical	elements	(e.g.,	several	meters	in	diameter	for	petawatt	output	power).Progressive	idea	of	the	CPA	was	adopted	for	the	optical	diapason	and	it	gave	an	alternative	way	to	increase	pulse	energy.	Instead	of	enlarging	the	transverse	beam	size,	increasing	the	pulse
duration	was	suggested	for	further	amplification,	which	was	then	followed	by	the	pulse	compression.	Historically,	first	time,	this	idea	was	applied	in	the	microwave	diapason	for	radar	technology	in	the	1960s.	Soon,	the	stretching	and	compression	of	the	laser	pulse	was	suggested	using	different	methods,	among	which	were	the	use	of	compression	in
dispersive	media	[9],	multilayer	film	interferometers	[10]	and,	perhaps	the	most	productive	and	widely	explored	today,	the	stretching	and	compression	with	a	pair	of	diffraction	gratings	[11].	The	first	time	when	the	pulse,	chirped	in	a	dispersive	media	(1.4km	of	optical	single	mode	fiber),	was	amplified	and	further	compressed	by	a	pair	of	diffraction
gratings	was	done	in	1985	[7,	8].	However,	the	distortion	of	the	chirped	pulse,	introduced	by	the	higher	orders	dispersion	of	the	optical	fiber	made	difficult	to	compensate	by	the	grating	compressor,	and	thus	the	output	pulse	duration	was	limited	of	a	few	picoseconds.Most	successful	realization	of	this	idea	(Martnez-type	stretcher	setup	containing	a
telescope	between	the	gratings	[12])	is	presented	in	Figure3,	where	the	stretcher	and	compressor	were	both	built	on	the	base	of	diffraction	gratings.	The	main	clue	can	be	explained	very	easily.	Short	pulse	should	possess	a	wide	spectrum	due	to	the	Heisenberg	uncertainty	principle	or	other	words,	consist	from	the	many	harmonics.	We	can	redirect
different	harmonics	(parts)	of	this	spectrum	along	different	optical	paths	via	diffraction,	and	thus	get	a	different	group	delay	for	each,	finally	guiding	them	consequently	to	the	same	direction	and	expanding	such	a	way	to	the	pulse	duration.	If	in	the	stretcher,	harmonics	with	longer	wavelengths	were	directed	along	the	shorter	optical	paths	(positive	or
normal	dispersion),	then	the	compressor	has	to	accomplish	the	reverse	(negative	or	anomalous	dispersion).	Since	the	diffraction	gratings	are	used	both	in	the	stretcher	and	the	compressor,	the	functions	of	stretching	and	compression	will	be	close	to	each	other	and	the	higher-order	dispersion	can	be	compensated	up	to	4th	order.Simplified	layout	of
the	CPA	laser	system	(from	.Simplified	layout	of	the	classical	CPA	laser	system	is	presented	in	Figure3.	Here	the	short	pulse	from	the	mode-locked	oscillator	passing	through	the	stretcher	is	expanded	usually	by	45	orders.	Further,	the	pulse	with	low	intensity	is	amplified	in	the	chain	of	amplifiers	by	several	orders	of	magnitude,	and	is	then
compressed	back	to	the	short	duration.Several	different	laser	active	medias	were	used	for	oscillators	and	amplifiers	in	the	CPA	systems,	such	as	dye,	Nd:YAG,	Nd:Glass,	and	so	on.	The	most	preferable	from	them	was	Ti:Sapphire	(Ti:Sa)	crystal	due	to	its	very	large	bandwidth	emission	spectra	(FWHM	~	200nm),	very	high	thermal	conductivity	and
mechanical	hardness.	This	setup	was	able	to	achieve	pulse	durations	as	short	as	below	10	femtosecond,	if	the	Ti:Sa	oscillators	[13]	with	a	few	fs	mode-locked	pulse	and	amplifiers	are	adopted.	Besides	the	laser	amplifiers	[14],	optical	parametrical	amplifier	(OPA)	has	been	presented	in	CPA	schemas	[15].Exploiting	this	technology,	researchers
developed	laser	systems	with	100s	terawatt	level	output	power	and	1019W/cm2	intensity	(see	Figure	1)	but,	as	any	other	technology,	CPA	has	some	boundaries	on	the	continued	improvement	of	its	parameters,	the	foremost	of	which	is	the	limitation	on	the	output	energy.As	mentioned	above,	CPA	laser	systems	have	reached	sub-petawatt	output
powers	with	the	energy	as	low	as	several	tens	of	Joules	[16].	However,	for	that	new	generation	of	the	ultra-high	power	lasers,	the	modest	energy	will	no	longer	be	enough,	and	the	kJ-level	has	to	be	reached	setting	the	next	milestone	at	tens	or	even	hundreds	of	petawatt	[17,	18].	The	modern	ability	to	stretch	pulse	duration	is	restricted	at	the	few
orders	by	the	existing	grating	technology,	so	further	energy	increase	requires	once	again	the	enlargement	of	amplifier	apertures	due	to	the	damage	threshold.	There	are	two	candidates	for	the	final	amplifier	of	the	ultra-high	CPA	systems:	the	optical	parametrical	amplifiers	[15]	and	the	laser	amplifiers.	Both	of	them	possess	their	own	advantages	and
shortcomings.	OPA	has	several	attractive	properties	as	the	gain	bandwidths	large	enough	to	support	light	pulses	as	shorter	as	10fs;	low	amplifier	heating	due	to	Optical	cooling,	which	leads	to	the	potential	of	a	high-repetition-rate;	large	high-quality	nonlinear	amplifier	crystals;	high	pulse	contrast	due	to	the	absence	of	amplified	spontaneous	emission
(ASE)	outside	the	pump	pulse	duration.	At	the	same	time,	OPA	possesses	low	efficiency	(below	20%);	there	are	severe	requirements	on	the	pump	beam	quality,	such	as	limitation	on	the	spatial	fluctuations	in	amplitude;	short	pump	pulses	(below	1ns),	in	order	to	match	with	the	stretched	signal	pulses	for	higher	efficiency	and	their	precise	matching	in
space	and	time	with	a	ps	accuracy;	and	so	on	[15].The	laser	amplifiers	are	free	of	most	of	these	restrictions,	but	possess	problems	of	their	own,	which	include	severe	losses	due	to	th	disk	shape	of	the	crystals	and	very	high	transverse	gain	and	so	the	high	transverse	ASE	(TASE),	and	possible	parasitic	generation	(TPG).	TASE	as	well	as	TPG	leads	to
significant	depletion	of	the	inverted	population,	and	thus	the	stored	energy.	The	ASE	from	the	pumped	Ti:Sa	crystal	before	and	after	the	threshold	of	the	parasitic	generation	is	demonstrated	in	Figure4	[16].	The	absence	of	ASE	from	the	significant	part	of	crystal	demonstrates	the	reduction	of	the	population	inversion	and	so	loses	the	stored	energy.
Because	of	this,	enlarging	the	aperture	of	the	amplifier	fails	to	be	an	unlimited	means	of	obtaining	more	output	energy	under	the	constraints	imposed	by	the	damage	threshold	limit.	Therefore,	in	this	case,	the	main	limitation	that	arises	on	the	path	toward	ultra-high	output	power	and	intensity	is	the	restriction	on	the	pumping	and	extraction	energy
imposed	by	TASE	and	TPG	within	the	booster	amplifier	volume.	As	a	result,	the	suppression	of	parasitic	generation	is	a	very	important	task	that	has	been	solved	for	the	next	generation	of	the	ultra-high	power	laser	systems.	The	technology	allowed	to	solve	this	bottleneck	problem	will	be	discussed	below	in	this	chapter.ASE	from	the	pumped
Ti:Sapphire	crystal	before	and	after	threshold	of	parasitic	generation	[16].The	making	of	the	output	short	pulse	shorter	and	keeping	the	same	energy	paved	another	way	to	the	next	milestone	of	the	ultra-high	peak	power.	Nevertheless,	pulse	duration	of	CPA	lasers	is	strongly	limited	by	gain	narrowing	of	the	pulse	spectra	in	the	gain	medium	of	the
multipass	amplifiers	(to	around	30fs	of	100	TW1	PW	lasers	based	on	Ti:Sa).	Different	approaches	were	entertained	to	overcome	this	limitation.	Among	them,	there	is	a	gain	narrowing	control	by	introduction	of	the	thin	film	etalon	into	the	front-end	regenerative	amplifier	cavity.	Impressive	results	were	reached	with	this	technique	(pulse	duration16fs
with	spectral	width72nm)	[19],	but	this	method	still	suffers	some	restrictions,	such	as	losses	of	the	energy,	a	finite	possibility	of	the	broadening	of	the	spectra	due	to	the	fluorescence	spectrum	limitation	of	the	amplifier	crystal,	further	gain	narrowing	in	the	buster	and	final	amplifiers,	as	well	as	the	limitation	of	the	spectral	transmission	of	the	grating
compressor.The	application	of	concept	of	optical-parametrical	chirped	pulse	amplification	(OPCPA)	for	broadband	pulse	allowed	to	reach	a	pulse	duration	of	around	10fs	[20],	but	extremely	severe	requirements	on	the	parameters	of	the	pump	laser	which	discussed	above	restrict	output	energy	only	to	a	few	mJs.	This	way,	an	adequate	method	for
shortening	high-energy	pulses	has	not	yet	been	found.	Two	promising	methods	of	the	saving	and	restoring	spectral	bandwidth	will	be	discussed	also	in	this	chapter.With	the	light	sources	of	10100	PW	peak	power,	the	accelerated	electron	beams	can	reach	the	energy	up	to	TeV	and	ion	beams	up	to	GeV,	(see	Figure1)	as	well	as	by	using	these
secondary	sources	the	ultra-bright	X	and	Y-rays	can	be	obtained	[21].	These	results	could	be	widely	applied	into	many	areas	of	science,	industry,	medicine,	homeland	security,	and	so	on.	Nevertheless,	it	will	be	possible	if	the	ultra-high	peak	power	laser	systems	also	will	be	able	to	combine	with	high	repetition	rate	(hundreds	of	Hz	to	kHz)	or	high
average	power	(kWs).	In	the	petawatt	class	laser	amplifiers,	a	pump	pulse	energy	exceeds	a	few	hundred	J	regime,	which	means	significant	thermal	load	in	the	gain	medium	even	at	low	repetition	rates.Thin	disk	laser	technology	(TDT)	is	able	to	eliminate	thermal	distortions	and	damages	of	the	laser	crystals	in	the	systems	with	both	high	peak	and
average	output	power	[22].	However,	conventionally	used	in	TDT,	Nd:YAG	and	Yb:YAG	possess	the	narrow	emission	spectra	and	the	low	emission	cross-section	that	lead	to	very	complicated	multipass	amplification	schemes	which	is	practically	acceptable	only	for	low	peak	power	systems	with	the	ps-level	pulse	duration.	The	most	promising	crystal	with
required	characteristics	for	ultra-high	peak	power	laser	is	Ti:Sa,	especially	if	one	is	taking	into	account	its	higher	emission	cross-section	and	thermal	conductivity	(compare	10W/(mK)	for	YAG	to	40W/(mK)	for	sapphire	at	the	room	temperature	and	more	than	two	orders	higher	when	cryogenically	cooled).	But	the	attempt	to	increase	the	longitudinal
gain	in	TD-amplifier	by	rising	the	concentration	of	active	ions	and/or	using	crystals	with	higher	emission	cross-section	leads	to	dramatic	increase	of	the	gain	in	the	transverse	direction	and	consequently	to	the	big	losses	and	inability	to	store	pump	energy	due	to	TASE.Technology	for	solving	this	problem	will	be	presented	below	in	this	chapter.
Advertisement	As	it	was	mentioned	above,	the	main	limitation	that	arises	on	the	path	toward	ultra-high	output	power	and	intensity	of	the	CPA	laser	systems	is	the	restriction	on	the	pumping	and	extraction	energy	imposed	by	TASE	and	TPG	within	the	booster	and	final	large	aperture	amplifier	volume	[23].The	reflectivity	reduction	of	the	side	wall	of
the	gain	crystals	by	grinding,	sandblasting	and/or	coating	with	an	index-matched	absorptive	polymer	or	liquid	layer	in	the	laser	amplifiers	is	the	conventional	procedure	used	to	prevent	parasitic	generation	(TPG)	[24].	However,	the	difficulty	to	find	the	exact	index	matching	within	existing	absorbers	still	restricts	the	diameter	of	the	pump	area	to
68cm,	corresponding	to	an	extracted	energy	to	around	30J	from	Ti:Sa	[16].	The	amplifier	apertures	enlarging,	or	to	further	pump	fluence	increasing	has	led	to	severe	parasitic	generation	and	has	failed	to	increase	extracted	energy.	The	additional	restriction	on	storing	and	extracting	energy	by	TASE	in	larger	gain	apertures	was	demonstrated	[25].
TASE	necessarily	increases	with	the	aperture	size,	limiting	the	maximum	stored	energy	that	is	why	this	restriction	is	even	stronger	than	parasitic	lasing	because	the	threshold	for	the	latter	can	be	increased	due	to	development	of	the	new	index	matching	materials	for	absorbers.	The	uniform	luminescence	on	the	left	picture	of	Figure4	should	not
delude	us,	if	one	will	find	method	to	reduce	reflections	down	to	zero;	the	losses	remain	still	incredible	big	for	amplifiers	with	the	large	aperture.The	method	of	the	calculation	of	total	volume	of	TASE	radiated	out	from	the	crystal	during	its	pumping	was	developed	by	Chvykov	etal.	[25].	Figure5a	shows	the	evolution	of	normalized	fluorescence	of	the
crystals	vs.	pumping	time	when	pumped	by	100ns-pulse	for	different	crystal	apertures.	Here,	Emax	is	the	theoretical	maximum	of	the	extracted	energy,	and	Eloss	is	the	lost	energy	due	to	TASE.As	seen	from	the	plot,	ASE	grows	dramatically	after	a	certain	time	of	pumping,	even	for	10cmcrystal	and	soon	becomes	equal	to	the	pumping	energy.	This
means	that	further	pumping	is	useless	because	all	additional	energy	will	be	irradiated	out	of	the	crystal	as	ASE.The	critical	points	of	anomalous	ASE	(APs)	are	moving	to	the	pumping	process	beginning	with	the	growing	crystal	diameter.	No	more	than	2050%	of	the	pump	energy	can	be	stored	in	the	crystals	with	aperture	of	1520cm	as	seen	in
Figure5.Fluorescence	evolution	of	gain	volumes	vs.	pumping	time.	(a)	Normalized	ASE	to	its	maximal	value	for	different	crystal	apertures,	D:	blue	dash-doted	curve	D=20cm	(Emax=824J,	Eloss=590J),	green	dots	D=15cm	(Emax=460J,	Eloss=290J),	red	dashes	D=10cm	(Emax=210J,	Eloss=100J),	and	violet	solid	D=6cm	(Emax=74J,	Eloss=20J);	(b)
TASE	for	different	pump	pulse	durations,	pump	(15cm	crystal	diameter):	violet	solid	curve	pump=10ns	(Eloss=325J),	red	dashes	pump=30ns	(Eloss=321J),	green	dots	pump=50ns	(Eloss=315J),	blue	dash-dots	pump=100ns	(Eloss=290J).Shortening	of	the	pump	pulse	duration	does	not	help	to	reduce	the	losses,	at	least	until	pulse	duration	becomes
shorter	than	the	time-length	of	the	light	distribution	through	the	crystal	in	transverse	direction.	This	is	about	several	100	ps,	and	thus	such	a	pump	would	be	useless	due	to	the	very	low	damage	threshold.	Fluorescence	during	pumping	for	different	pump	pulse	durations	are	shown	for	15cm	crystal	diameter	(Figure5b).	As	seen,	the	losses	slightly	grow
due	to	the	higher	pump	rate	that	enhances	TASE	with	reduction	of	the	pump	pulse	duration.If	the	total	compensation	of	transverse	gain	by	the	index-matched	absorber	coating	is	not	possible,	the	reflectivity	from	the	side	wall	will	be	enough	for	parasitic	generation-TPG.Therefore,	one	can	establish	the	TPG	threshold	as	an	equality	transverse	gain	of
the	crystal	to	absorption	coefficient	of	its	side	wall.	There	are	two	most	probable	transverse	modes	which	can	develop:	first	one	is	due	to	the	maximal	population	inversion	which	is	a	generation	near	two	working	parallel	surfaces	[23]	and	the	z-pass	between	these	surfaces	due	to	total	internal	reflection	[26]	(Figure6a).	The	latter	mode	surpasses	the
first	one	in	large	aperture	crystals	with	a	high	aspect	ratio	and	respectively	low	crystal	doping	because	higher	gain	for	second	mode.	One	can	define	the	TPG	threshold	small	signal	gain	Gt	through	the	pump	intensity	Fp	as:(a)	Two	transverse	optical	paths	with	highest	gain	for	TASE	within	a	crystal;	(b)	dependence	of	pump	fluence	on	crystal	diameter:
solid	curves:	calculated	for	TPG	(K=24,	light	blue	squares;	K=32,	green	triangles;	K=42,	blue	squares);	dot-dashed	curves:	calculated	for	TASE	(red	squares:	B=0.01).Introducing	K=D	Fp	as	a	K-parameter,	we	can	find	the	dependence	of	pump	fluence	TPG	threshold	on	the	crystal	diameter	(Figure6b)	calculating	K	for	different	crystal	geometry	and
used	absorber.Ks=pem*lnGt*zFslnB;Kz=pem*lnGt*zFs2nE2There	(2)	are	two	formula	of	the	K-factor	calculations	for	two	transverse	parasitic	modes	consequently,	the	generation	near	working	surfaces	(Ks)	and	the	z-pass	between	them	(Kz),	where	D	is	the	pump	area	diameter,	Gt	is	the	highest	transverse	gain	that	would	be	compensated	by	an	index-
matched	absorptive	coating,	z	is	the	crystal	thickness,	n	is	the	index	of	refraction	of	the	crystal,	and	the	absorption	coefficient	for	the	pump	frequencyB.A	crystal	with	a	given	aperture	fixes	the	maximum	pump	fluence	because	the	product	of	crystal	diameter	and	the	pump	fluence	is	constant	for	each	value	of	the	critical	transverse	gain	or	index
matching	of	the	absorber	and	crystal	thickness.	Therefore,	enlargement	of	the	crystal	aperture	requires	reducing	the	pump	fluence.	Moreover,	the	pump	fluence	will	be	limited	for	any	crystals	and	absorbers	because	the	complete	matching	is	impossible	for	both	polarizations	of	the	transverse	modes.	The	dependence	of	the	maximal	possible	pump
fluence	on	the	crystal	diameter	was	shown	in	Figure6b,	where	the	purple	rhombus-marked	curve	is	the	ideal	case	of	upper	bound	for	3cm	crystal	thickness	and	reflectivity	of	-polarization	under	the	condition	of	total	index	matching	for	-polarization.The	same	dependences	can	be	built	for	TASE	limitation	based	on	the	APs	(Figure5a,	crosses	with	gray
dashed	line	indicating	0.9	of	the	maximum	volume).	TASE	curve	for	crystals	with	B=0.01	nearly	match	the	TGP	curve	with	K	values	of	32	(these	values	correspond	to	existing	absorbers	[16])	and	is	located	below	the	purple	ideal	curve	as	shown	in	the	Figure6.	The	main	conclusion	to	be	drawn	from	this	correspondence	is	that	there	remains	no
motivation	to	develop	better	absorber	materials,	owing	to	restrictions	of	TASE.Therefore,	the	situation	for	laser	amplifiers	with	large	apertures	appears	bleak,	especially	with	respect	to	their	application	as	final	amplifiers	in	very	high	power	laser	systems.	For	example,	one	can	conclude	from	Figure6,	that	for	20cm	crystal	diameter,	the	maximum	Fp	is
1.5J/cm2	meaning	the	extracted	fluence	is	about	0.7J/cm2,	when	saturated	one	for	Ti:Sa	crystal	is	0.9J/cm2,	which	indicates	the	deeply	inefficient	amplifier	operation.	Nevertheless,	below,	we	will	demonstrate	that	the	parasitic	losses	due	to	both	TASE	and	TPG	can	be	significantly	reduced	using	EDP	technique.We	suggest	to	change	the	conventional
method	of	pumping	and	amplifying	the	multipass	amplifiers	to	overcome	the	restrictions	discussed	above.	Conventional	method	is	based	on	the	energy	stored	in	the	amplifier	media	prior	to	the	arrival	of	the	first	pass	of	the	input	pulse	[26].	We	are	able	to	forestall	TASE	and	parasitic	lasing	and	increase	the	extracted	energy	by	continuing	to	pump
after	the	arrival	of	the	amplified	pulse.	In	this	case,	the	energy	extracted	during	one	pass	of	the	amplified	pulse	through	the	crystal	could	be	restored	by	pumping	up	to	AP	or	TPG	threshold	before	the	next	pass.	An	extended	pump	pulse	duration	ranging	from	tens	to	hundreds	of	nanoseconds,	or	several	delayed	pulses	is	required	for	EDP	process.	One
can	get	sufficient	time	in	this	case	for	proper	pumping	between	passes,	allowing	increased	total	pump	fluence	due	to	the	longer	pump	pulse	duration	and	overcoming	problems	with	temporal	jitter.	This	approach	was	shown	to	double	the	output	flux	above	the	parasitic	lasing	limit	in	the	experiments	in	University	of	Michigan	[27].Optimization	of	EDP
method	for	presently	available	large	aperture	Ti:Sa	amplifiers	was	made	in	Ref.	[28]	.	The	description	of	amplified	transmission	of	pulses	through	the	multipass	amplifiers	can	be	done	by	broadly	applying	Frantz-Nodvik	solution	for	the	1-D	photon	transport	Eq.	[26].	Solution	for	optimal	EDP-amplifiers	can	be	rewritten	as	a	single	equation,	in	contrast
to	conventional	amplifiers,	where	this	equation	is	applied	iteratively	with	adjustment	of	small	signal	gain	for	each	pass,	because	the	restoration	of	the	population	inversion	by	the	pump	between	passes	in	case	of	EDP,	and	hence	of	the	small	signal	gain,	for	each	pass:Fout=Fsln1+expFinFs1expNempFpFsE3where	N	is	the	number	of	passes,	em	is	the
emission	frequency,	p	is	the	pump	frequency,	Fout	is	the	N-pass	output	fluence,	Fs	is	the	saturation	fluence,	Fin	is	the	incident	fluence,	and	Fp	is	the	initial	pump	fluence	(before	signal	arrives).Therefore,	we	simply	introduce	a	factor	of	N	into	the	small	signal	gain	expression	to	get	the	output	flux	after	N-passes	of	amplification.	This	could	be	easily
proved	by	introducing	the	output	flux	from	any	N1	passes	as	Fin	for	N-th	pass	and	following	the	usual	iterative	procedure.Dependences	of	the	output	fluence	calculations	for	4-pass	amplification	with	conventional	amplification	and	EDP	for	various	pump	fluence	are	presented	in	Figure7a.	From	this	graph,	one	can	get	the	next	conclusions.	FirstEDP
amplifiers	can	deliver	significantly	more	energy	(up	to	four	times	for	four-pass	amplifier)	compared	to	regular	ones	with	the	same	initial	pump	fluence.	Secondthe	input	fluence	that	saturates	the	amplifier	is	much	higher	than	that	for	the	regular	case	because	the	graphs	asymptotically	approach	to	the	value	of	four	times	of	the	initial	pump	flux
multiplied	by	coefficient	of	quantum	defect.	From	comparison	of	the	two	green	or	two	blue	curves	in	Figure7a,	one	can	see	that	the	curvature	slope	becomes	twice	lower	at	5070mJ/cm2	of	the	input	fluence	for	conventional	amplifier	and	near	200mJ/cm2	for	EDP-amplifier.	We	have	a	higher	extracted	energy	with	growing	input	flux	and	so	are	able	to
add	more	pump	fluence	between	passes.	So,	the	input	fluence	for	amplification	with	EDP	has	to	be	much	higher	to	make	them	efficient	and	the	process	of	amplification	mimics	the	case	of	a	high	value	of	Fs.	On	the	other	hand,	this	says	us	about	a	much	higher	energy	capacity	of	the	amplifier.(a)	Dependence	of	the	output	fluence	of	the	4-pass	amplifier
on	the	input	fluence	for	several	pump	ones;	(b)	dependence	of	the	output	energy	on	diameter	of	pumped	area	for	different	input	energies	and	K-factor;	dashed	red	curve:	damage	threshold	fluence.The	optimal	diameter	for	the	pump	area	of	the	EDP-amplifiers	can	be	demonstrated	if	into	Eq.	(3),	in	place	of	Fin	and	Fp,	will	be	introducing	the	ratios
Ein/A	and	K/D(2),	respectively,	where	Ein	is	the	total	incident	energy	and	A	is	the	pump	area.	The	dependences	of	the	output	energy	on	diameter	of	the	pump	area,	for	different	K	values	and	incident	energies,	are	presented	in	Figure7b.	The	output	fluence	of	damage	threshold	was	marked	by	the	red	dashed	line.	Using	these	graphs,	we	can	calculate
the	highest	output	energy	for	amplification	with	EDP	for	a	practically	available	liquid	absorber	and	a	crystal	with	2025cm	diameter	[29].	This	absorber	is	able	to	accommodate	the	maximum	transverse	gain	of	4000,	which	leads	to	a	value	of	K=32.	We	can	find	the	output	energy	of	~800J	from	the	blue	rhombus	curve	in	Figure7b,	which	corresponds	to
50J	input	energy.	In	Ref.	[16],	the	authors	demonstrate	the	final	EDP-amplifier	60J,	making	800J	realistic	output	energy	for	the	next	stage	of	amplification.	This	output	energy	can	be	reasonable	for	crystals	with	this	diameter	due	to	output	fluence	2J/cm2	and	the	extraction	efficiency	close	to	theoretical	one	65%	which	is	reachable	for	EDP-
amplifiers.The	EDP-technology	was	successfully	spread	out	in	the	many	world	class	laboratory	for	application	in	the	ultra-high	power	laser	systems,	demonstrated	todays	world	record	near	200	J	extracted	energy	and	5.0	PW	output	power	[30].	Below	several	examples	will	be	exhibited.First	time,	this	method	was	used	in	the	4-pass	amplifier	of	the
HERCULES-300	TW	Laser	[31].	Four-pass	amplifier	crystal	was	cooled	cryogenically	to	120K	avoiding	wave-front	thermodistortion	of	the	output	beam.	Because	the	amplifier	crystal	was	located	in	the	vacuum	chamber	to	avoid	the	surface	deposition,	cladding	of	the	side	surface	was	impossible.	Extracted	flux	was	increased	from	0.6	to	1.2J/cm2	due	to
application	of	EDP	[27].The	authors	of	[16]	have	successfully	developed	a	high-energy	Ti:Sa	laser	system	that	delivers	33J	before	compression	at	0.1Hz	using	LASERIX-4-pass	EDP-amplifier.	100mm	diameter	Ti:Sa	crystal	(pumped	area-60mm)	was	used	as	the	final	amplifier	which	was	pumped	with	72J	of	energy	delivered	by	frequency-doubled	high-
repetition	rate	Nd:Glass	lasers.	The	good	amplification	efficiency	of	45%	with	a	homogeneous	flat-top	spatial	amplified	intensity	profile	was	finally	obtained.The	EDP-method	has	also	been	applied	on	several	Ti:Sa	booster	amplifiers	of	petawatt	scale.	One	of	them	was	3-pass	EDP-amplifier	of	APRI	1.5	PW	CPA-laser	(South	Korea)	[32].	The	team	of	laser
developers	reported	about	the	generation	of	1.5	PW	by	using	two	stage	final	EDP-amplification	with	the	maximum	output	energy	of	60.2J	at	a	pump	energy	of	120J.Shanghai	Institute	of	Optics	and	Fine	Mechanics,	Chinese	5	PW	CPA:	laser,	4-pass	EDP-amplifier	[30].	Effective	suppression	of	the	parasitic	lasing	in	the	final	booster	amplifier	was	done
using	the	EDP-technology	combined	with	index-matching	cladding	technique	and	the	precise	control	of	the	time	delay	between	the	input	seed	pulse	of	35J	and	pump	pulses	of	312J.The	output	energy	of	192.3J	from	the	final	amplifier	was	corresponding	to	a	pump	conversion	efficiency	of	62%	to	the	output	laser	energy.The	design	of	the	final	EDP-
amplifiers	was	recently	developed	for	three	pillars	of	the	Extreme	Light	Infrastructure	(ELI)	project	[33].	ELI	is	the	ambitious	pan-European	laser	research	project.	The	major	mission	of	the	ELI	facility	is	to	make	a	wide	range	of	cutting-edge	ultrafast	light	sources	available	to	the	international	scientific	community.	The	first	purpose	of	the	facilities	is	to
design,	develop	and	build	ultra-high-power	lasers	with	focusable	intensities	and	average	powers	reaching	far	beyond	the	existing	laser	systems.	The	secondary	purpose	is	to	contribute	to	the	scientific	and	technological	development	toward	generating	200	PW	pulses,	being	the	ultimate	goal	of	the	ELI	project.	PW-class	lasers	have	been	planned	to
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Laser	output	can	be	classified	into	2	large	groups:Continuous-wave	lasers	(CW)	and	pulsed	lasers.	CWs	emit	a	fairly	constant	stream	of	light.	Average	power	density	is	a	good	metric	to	understand	this	type	of	laser.	Pulsed	lasers	alternate	between	emitting	no	laser	light	at	all	and	emitting	short	bursts,	called	pulses.	Average	power	is	not	enough	to
understand	what	to	expect	from	pulsed	lasers.	Peak	power	(and	peak	density)	tells	you	how	powerful	the	pulses	are.	Comparing	Peak	And	Average	Power	Values	The	difference	between	peak	power	and	average	power	can	be	very	large.	To	visualize	this,	let's	use	the	specs	of	justonelaser,	and	run	it	throughboththepeak	power	density	calculatorand
theaverage	power	density	calculator.	The	laser	we'll	use	is	a	1064nmYAG	laser,	emitting	30ns	wide	1200mJ	pulses	at	a	rate	of	40Hz.	The	beam	shape	at	the	target	will	be	a	gaussian	circular	profile	of	10mm	diameter.	



Average	power	and	peak	power	formula.	Laser	peak	power.	Peak	power	vs	average	power.	Average	power	pulsed	laser.


